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ABSTRACT
MITOCHONDRIAL DNA CONTROL REGION SEQUENCE
POL YMORPHISMS FROM A SOUTH INDIAN POPULATION
SAMPLE: A FORENSIC AND PHYLOGENETIC VIEW
by Robin Gwydion Bombardi
May 2013

India is characterized by a human migration history spanning more than 60,000
years. Contemporary populations evolved from early migrations shortly following the
African exodus but also recent movements possibly related to the spread of agriculture or

t?e Indo-Aryan invasion. India has been underrepresented in mitochondrial surveys of
human variation. The aim of this study was to establish a mtDNA dataset for the state of
Tamil Nadu, India for forensic purposes and to investigate the diversity ofthe Tamil
Nadu population sample with respect to global populations. The hypervariable regions I,
II, and III within the mtDNA control region of a population sample comprising 60
individuals residing in Tamil Nadu, India were sequenced. A total of 57 haplotypes were
observed of which 55 were unique. The Tamil Nadu population sample was
characterized by high genetic diversity (0.9977), low random match probability (1.90%),
and moderate average number of pairwise differences (1 0.81 ±4.99). For phylogenetic
considerations, the Tamil Nadu haplotypes were compared to those of 29 global and
national populations comprising a total of 3,822 HVR I, II, and III haplotypes.
Phylogenetic examination was conducted using Nei 's genetic distance for MultiDimensional Scaling (MDS) and Neighbor Joining (NJ) tree analysis. Extensive genetic
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admixture was detected between the Tamil Nadu lineages and several adjacent central
Asian and Oceanic lineages diminishing with geographical distance. The Tamil Nadu
lineages were also highly differentiated from tribal populations in India. These results
have implications for forensic applications and studies in human evolution.
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CHAPTER I
INTRODUCTION
DNA typing is a technique employed by forensic scientists to assist in the
identification of individuals by their respective DNA profiles. This technique first
debuted in the late 1980s after Alec Jeffreys located several repetitive regions of DNA
while working with restriction enzymes and DNA probes. He discovered that these
repetitive regions called variable number of tandem repeats (VNTRs) varied among most
individuals, and could be used for the individualization of biological samples (Saferstein,
2007).
Since Jeffrey' s discovery, advances in the fields of molecular biology and biochemistry have revolutionized the methods for analyzing DNA. Advances in technology,
like polymerase chain reaction (PCR) have allowed the use of another form of repetitive
marker called short tandem repeats (STRs). These genetic markers are smaller in size (26 base pair repeats) compared to VNTRs (9-80 bp repeats); however, the number of
repeats, like VNTRs, in STR regions are highly variable among individuals making STRs
effective for human identification (Butler, 2005). Adopted by the Federal Bureau of
Investigation (FBI), the current standardized method for human DNA identification
involves analysis of 13 autosomal STRs, which can provide a random match probability
that is rarer than one in a trillion unrelated individuals (Butler, 2005; Chakraborty,
Stivers, Su, Zhong, & Budowle, 1999). However, STR testing is not without limitations.
In cases where DNA is extremely degraded due to environmental conditions, obtaining a
complete STR profile is difficult. Under the circumstances where only a partial profile or
no profile is generated, it is sometimes necessary to analyze regions of the mitochondrial
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DNA (mtDNA).
Two properties of mtDNA render it valuable for forensic purposes. Firstly, part
of the mtDNA genome, known as the control region, is highly polymorphic, making it
eminently useful for human identification. Secondly, mtDNA is present in high copy
number, which is particularly advantageous when analyzing degraded samples or samples
that lack sufficient quantities of nuclear DNA. The principal limitation of mtDNA
sequencing is the low power of discrimination obtained when common mtDNA types or
profiles are involved in a case. This occurrence is typically associated with cases
involving maternal relatives or individuals that share a relatively close maternal ancestor.
Despite this drawback, mtDNA control region sequencing can prove quite fruitful in a
number of situations. Among these, the most noteworthy are: the identification of
maternal relatives of unknown war dead (Holland et al., 1993 ); the sorting and reassociation of comingled remains in mass disasters and mass grave sites (Just et al.,
2009); mtDNA haplogroup typing for rapid screening of casework specimens
(Brandstatter, Parsons, & Parson, 2003); and assessing maternal bio-geographic ancestry
as an investigative tool (Kohnemann & Pfeiffer, 2011).
Additional mtDNA sequence data is urgently needed in the field of forensic
mtDNA identity testing. As the number of applications for mtDNA typing increases in
the forensic field, there is a growing need for reliable frequency estimates of mtDNA
sequences from a diverse array of global populations to provide increased statistical
discrimination power for mtDNA profile comparisons. The current representation of
India in forensic mtDNA databases such as EMPOP, for instance, is low, with only one
report containing 200 mtDNA sequences or haplotypes from one region in Kerala. In
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order to address such problems, additional investigations into the maternal genetic
diversity based on control region sequences are needed to enrich the body of forensic
mtDNA population data for India.
In addition to the forensic applications of mtDNA analysis, understanding
variability in human mitochondrial DNA has provided many valuable insights into the
genetic past of our species. Analyses of the frequency, variation, and distribution of
human mtDNA sequences have been used to infer the ancient migration routes of modern
humans as well as the phylogeny of mtDNA lineages in Europe, Africa, America,
Oceania, and Asia. Today, there is an abundance of mtDNA evidence supporting the
mass exodus out of Africa and the peopling of Eurasia, the Americas, Australia, and the
Pacific; however, phylogenetic information for regions of South Asia, particularly
India-which served as a major reservoir for one of the earliest migrations out of
Africa- remains poorly characterized and generally misunderstood.
The earliest attempts to characterize the phylogeny of India focused on the first
hypervariable region and some coding region restriction fragment length polymorphisms
(RFLPs) of mtDNA for several populations residing in India (Kivisilid et al. , 1999;
Passarino, Semino, Bernini, & Santachiara-Benerecetti, 1996). Due to the nonrecombinant, maternally inherited nature ofmtDNA, some of these observed mtDNA
sequences were found to be identical, signifying a shared mtDNA type or haplotype.
Groups of similar haplotypes are believed to have originated from a common ancestor,
and are organized into larger assemblages, called haplogroups, based on an array of basal
mutations. Some of the previously observed haplogroups found to be autochthonous to
the Indian subcontinent include M subhaplogroups (M2, M3 , M4, M5, M6), U
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subhaplogroups (U2a, U2b, and U2c), and several subhaplogroups within
macrohaplogroup N (Bamshad et al., 2001 ; Kivisilid et al., 1999; Passaino et al. , 1996).
Additional haplotypes found at varying frequencies across regions of India have been
' associated with autochthonous West Eurasian and East Asian haplogroups (Kivisilid et
al. , 1999). However, although West Eurasian and East Asian phylogenies have been well
characterized, there is presently little supporting evidence to draw any tangible
conclusions about the origin and distribution of these haplogroups within the Indian
subcontinent. In order to resolve these issues of origin and distribution, and to gain a
better understanding of South Asian phylogeny, it is therefore necessary to characterize
additional regions of the mtDNA genome in a more diverse ethnic, cultural, and linguistic
subset of Indian populations.
Aims and Objectives
This work focuses on the mtDNA genetic diversity of a population sample
consisting oftraditional caste individuals residing in the southern state ofTamil Nadu,
India. The main goal of the present study was to characterize the composition of extant
maternal lineages in this sample by fully sequencing the three hypervariable regions
within the mtDNA control region. This provides the best method available today for
screening haplogroup affiliations, describing their genetic diversity, and detecting their
underlying phylogeny. Additionally, the Tamil Nadu sample was studied in conjunction
with a larger sample-set in order to clarify the phylogenetic pattern of Indian lineages
among global populations. By comparing the population in this study to regional and
global populations, inferences may be drawn about the pre-historical origin of extant
maternal lineages and the location of those migration routes that led to the peopling of the
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Indian subcontinent. Better resolution of the phylogenetic tree and distribution of
haplogroups provides a tool for making more precise estimates of expansions of human
populations and more reliable forensic evaluations of haplogroup affiliations and random
match probabilities of individuals in India.

.

I
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CHAPTER II
LITERATURE REVIEW
Location and Structure of mtDNA

The majority of the human genome is composed of 46 chromosomes in the
nucleus of a somatic cell. There is also a small circular genome buried within the
mitochondria present in cellular organisms. Mitochondria are energy producing,
membrane bound organelles residing in the cytoplasm of eukaryotic cells. The complete
genome of human mtDNA contains approximately 16,569 base pairs (bp) (Anderson et
al., 1981 ); the total number nucleotides in mtDNA have been documented to vary among
individuals due to point mutations such as insertions or deletions (Butler, 2005). The
closed, circular, double stranded mtDNA molecule is composed of one purine-rich
(Adenine & Guanine) strand and one pyrimidine-rich (Cytosine & Thymine) strand,
designated the heavy and light chains, respectively (Butler, 2005). Human mtDNA codes
13 polypeptide genes used for cellular respiration through the energy producing oxidative
phosphorylation pathway situated in the internal membrane of the mitochondrion (Mckee
& McKee, 2012). MtDNA also codes two ribosomal RNAs (rRNA) and 22 transfer

RNAs (tRNA) needed for mitochondrial protein synthesis (Mckee & McKee, 2012). The
mtDNA genome is efficiently packed with only 55 nucleotides in the 15,447 bp coding
region not being used to transcribe a protein, rRNA, or tRNA molecule (Butler, 2005).
The longest non-coding region holds the point of origin for replication, and spans
positions 16024 to 576. This 1,122 bp region is commonly referred to as the control
region, or D-Loop, where hypervariable regions HVI, HVII, and HVIII are located
(Butler, 2005). See Figure 1 for the structure of human mtDNA. Since the control region
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Figure 1. Gene map of the circular structure of human mtDNA. [ http://www.
mitomap.org /MITOMAP].
does not code for any gene products, the constraints for variability are not conserved, thus
allowing for abundant differences in polymorphisms to occur without detriment to the
development and growth of a human individual. The control region mutation rate has
been estimated to diverge 2-4% per site per million years (Cann, Stoneking, & Wilson,
1987; Torroni et al. , 2001), which is approximately tenfold faster than the mutation rate
of the nuclear genome. Several hotspots within the hypervariable regions have also been
documented to exhibit even higher mutation rates (Stoneking, 2000). This observation is
related to the apparent lack of mtDNA repair mechanisms and low fidelity DNA
polymerase that leads to a higher rate of mutation in the mtDNA genome as compared to
the nuclear genome. The fast mutation rate of the mtDNA control region makes it
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possible to distinguish between recently diverged populations, and to devise various
human identification applications within the forensic field.
The copy number of mtDNA molecules in each cell is significantly high. In
contrast to nuclear DNA, which contains two copies of each chromosome in the nucleus
of each cell, multiple mtDNA molecules can exist in each mitochondrion present in a
cell. It has been estimated that as many as 100 mitochondria occupy each cell (Robin &
Wong, 1988); each mitochondrion, in turn, contains multiple copies of mtDNA, and the
average has been estimated to be about 500 mtDNA molecules per cell (Satoh &
Kurowia, 1991 ). It is the high copy number ofmtDNA molecules in each cell that allows
greater success when analyzing biological samples that have been severely damaged due
to varying environmental conditions. Despite the high copy number per cell, mtDNA
makes up less than 1% of the total cellular DNA content in comparison to the 6.4 billion
bp of nuclear DNA in the cell's nucleus (Butler, 2005).
Maternal Inheritance
Human mtDNA is inherited maternally, and does not undergo recombination.
Maternal inheritance of mtDNA is accomplished at conception, during which event only
the sperm's nucleus enters the egg to join with the egg's nucleus; the sperm does not
contribute any other embryonic cellular components. When the zygote cell divides, all
cellular components except the nucleus are consistent with the mother' s original egg cell
(McKee & McKee, 2012). Even in cases where a sperm 's mtDNA passes into the egg
cell, spermatic mitochondria are soon degraded and destroyed by the newly formed
embryo's cellular machinery (Sutovsky et al. , 1999). Thus, in the absence of
recombination, and barring any random mutations, a mother passes down her mtDNA
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type, or haplotype, directly to her offspring, and therefore all siblings and maternal
relatives have an identical mtDNA sequence. Figure 2 illustrates a family pedigree to
demonstrate the pattern of mtDNA maternal inheritance. Understanding this biological
mode of inheritance is helpful in solving cases of missing persons or mass disasters;
however, it can diminish the significance of a match in forensic cases, in terms of the
random match probability of a particular haplotype in a population.

Figure 2. Illustration of inheritance of the maternal mtDNA. Squares represent males
and circles females. Colors reflect inheritance ofthe same mtDNA haplotype. [www.
nature.com/scitable/topicpage/mtdna-and-mitochondrial-diseases-903].
Heteroplasmy
Another important feature ofmtDNA is a condition known as heterop)asmy. A
person that is heteroplasmic carries more than one mtDNA haplotype (Melton, 2004).
Two or more mtDNA populations may occur among cells in an individual, within a
single cell, or even within a single mitochondrion. It is now believed that all individuals
are heteroplasmic to a certain degree. It is unlikely that all cells are completely identical
in the mtDNA genome, given that mtDNA mutations occur more frequently than
mutations in nuclear DNA. Heteroplasmy can occur in three ways: (1) individuals may
be heteroplasmic in a single tissue; (2) individuals may be heteroplasmic in more than
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one tissue type; and (3) individuals may be heteroplasmic in one tissue and homoplasmic
in another tissue (Butler, 2005). This last condition can often lead to misinterpretations
when comparisons are made between unknown samples and reference samples.
There are two types of heteroplasmy: point heteroplasmy and length
heteroplasmy. The latter occurs in the human mtDNA genome frequently, and is
typically associated with control region mutations within the C-stretches of hypervariable
regions I and II (Butler, 2005). During the process of replication within these
homopolymeric regions, the low fidelity DNA polymerase makes erroneous cytosine
insertions and deletions in relation to the template mtDNA. These errors are also
problematic during in vitro manipulations associated with amplification by polymerase
chain reaction (PCR) and further dye-terminator sequencing reactions (Budowle, Allard,
Wilson, & Chakraborty, 2003). Due to the overall ambiguous sequence data within the
C-stretches, length polymorphisms are reported, but are ignored during phylogenetic and
forensic characterizations (Budowle et al., 2003; Yao, Bravi, & Bandelt, 2004). Point
heteroplasmies are less common, and are characterized as a single difference at one
position exhibiting either two or more nucleotide bases (Bendall, Macaulay, Baker, &
Sykes, 1996; Butler, 2005). This phenomenon is visualized in a DNA electropherogram
as a double peak. Point heteroplasmies in mtDNA are older in age, resulting from mixing
of multiple ancestral mtDNA haplotypes (Bendall et al., 1996). While heteroplasmy in
general can complicate phylogenetic characterization, it does become useful in forensic
characterizations by appearing as a rare mutation. In fact, mtDNA point heteroplasmy
was one ofthe defining characteristics that led to the identification of Russian Tsar
Nicolas II (Gill et al., 1994; Ivanov et al., 1996). Heteroplasmy, particularly point
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heteroplasmy, can therefore strengthen the identification of an individual.
Reference Sequences and Nomenclature
The complete human mtDNA genome was first sequenced in 1981 (Anderson et
al. , 1981 ). For many years, this original sequence, known as the Anderson sequence or
Cambridge Reference Sequence (CRS), was used as a reference sequence to which all
subsequent mtDNA sequences were compared. The original CRS is located under the
NCBI GenBank accession: J01415. Following the advent of direct DNA sequencing
technology almost twenty years later, the original biological material used by Anderson
and colleagues to develop the CRS was re-sequenced (Andrews et al. , 1999). The
original CRS sequence resulted from the mtDNA of a single individual of established
European descent; however the sample also contained some stretches of bovine DNA that
were introduced during the procedure as a necessary requirement for the early sequencing
technology at the time (Anderson et al., 1981 ). Upon re-sequencing, 11 errors were
confirmed in the original CRS (Andrews et al., 1999). Fortunately, these errors were
confined to the coding region of the mtDNA genome, and thus did not affect the
composition of the original control region sequence. It should also be noted that one of
the 11 errors described upon re-sequencing the mtDNA genome happened to involve a
false insertion at a single position. This effectively constrained the originally described
16,569 bp region to only a 16,568 base pair region. However, in order to avoid confusion
with previous work by renumbering each loci position after the error, it was decided to
retain the original numbering system, with a deletion at the erroneous position to serve as
a placeholder (Andrews et al., 1999). The sequence generated following these reanalysis
efforts is called the revised Cambridge Reference Sequence (rCRS); the rCRs is now the
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most commonly used reference sequence to compare new mtDNA sequence data. The
rCRS can be found under NCBI GenBank ascension# NC_012920.
In order to standardize reports of new mtDNA sequences, the mtDNA community
has adopted a set of nomenclature recommendations for reporting differences to the rCRS
(Budowle et al., 2003; Butler 2005; Irwin et al., 2007). When differences to the rCRS are
observed, the nucleotide position followed by the nucleotide base difference is cited. For
example, if a difference from the rCRS is found at positions 16223 and 16093 in a
particular sequence, then the haplotype is reported as 16223T and 16093C. In this
minimum data format, all nucleotide positions are assumed to be identical except for the
listed differences. Nucleotide bases that cannot be unambiguously determined (typically,
point and length heteroplasmies) are reported following the International Union of Pure
and Applied Chemistry (IUPAC) codes, such as C/T = Y and NG = R. In the event of an
observed insertion difference to the rCRS, the nucleotide base position 5' to the insertion
is cited, followed by a period, the numeric value corresponding to the number of
insertions, and the inserted nucleotide base. For example, if an insertion of one cytosine
nucleotide is observed between rCRS positions 309 and 310, then the base difference is
reported as 309.1C. When two cytosine insertions are observed between positions 309
and 310, then the base difference is reported as 309.1 C and 309.2C. When deletion
mutations are observed in relation to the rCRS, a dash (-), or D, d, or del is cited
following the position where the nucleotide deletion occurred. These standard reporting
methods have been recommended to avoid confusion when interpreting observed
differences to the rCRS (Budowle et al., 2003; Butler, 2005; Irwin et al. , 2007).
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mtDNA Global Phylogeny
Debates about the origin of global human diversity are organized into two major
schools of thought: the "Out of Africa" model and the "Multiregional" model
(Templeton, 2002). The "Out of Africa" model supports the conclusion that modern
humans originated in Africa approximately 200,000 years before present (ybp), and then
migrated to regions of Europe and Asia (Templeton, 2002). Alternatively, the
"Multiregional" model theorizes that Homo sapiens migrated from Africa to regions of
Europe and Asia, interbred with local populations of hominids, and evolved into modern
humans in these separate regions at approximately the same time as the "Out of Africa"
model proposes (Templeton, 2002) . Each of these theories was initially supported using
archaeological fossil specimens from around the world; however, due to the difficulty of
finding a large number of intact fossil specimens distributed across a vast number of
regions, the supporting evidence for each theory' s claim was limited in its capacity to
present a clear portrait of human origins (Dawkins, 2004).
As the "genomic era" has emerged (Hedges, 2000), mtDNA andY-chromosomal
evidence has strengthened the argument for an "Out of Africa" dispersal of modern
humans. Current African populations display a significantly higher degree of variation
accumulated in human mtDNA and Y-chromosomal sequences, in comparison to
populations residing in Asia and Europe, suggesting that modern humans continuously
occupied the African continent longer than any other region, based on the amount of time
necessary to accrue such high degrees of diversity. In order to substantiate these claims
and gain a better understanding of the global mtDNA phylogeny, human mtDNA genetic
lineages have been classified into haplogroups (monophyletic clades) based on shared
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basal mutations between similar haplotypes that indicate common ancestry. Some
haplogroups display a rooted ancestry in region specific areas (Chandrasekar et al., 2009;
Ingman, Kaessman, Paabo, & Gyllensten, 2000; Wallace, Brown, & Lott, 1999). In
Africa, basal haplogroups LO-L3 have been documented. Only L3 is believed to have
spread out of Africa into neighboring regions to form macrohaplogroups M and N about
60,000 ybp (Chandrasekar et al. , 2009; Palanichamy et al., 2004; Quinta-Murci et al.,
1999).
Current evidence supports the presence of two major migration routes out of
Africa: a northern route that diverged into multiple phylogenetic lineages that eventually
populated parts of West Eurasia, East Eurasia, East Asia, the South Pacific, and the
Americas, and a southern route that diverged into multiple phylogenetic lineages that
populated parts of South Asia, Central Asia, the South Pacific, and the Americas. Figure
3 displays a world map of major migration routes. The northern route into West Eurasia
is typified by lineages directly branching off from macrohaplogroup N, including
haplogroups I, W, and X (Kivisilid et al., 2006; Palanichamy et al., 2004; Tamm et al.,
2007). Later migrations into West Eurasia resulted from specific derivatives of
haplogroup R (a daughter lineage ofN) including haplogroups H, J, T, U, K, and V
(Macaulay et al., 1999; Richards et al., 2000; Torroni et al. , 1996). Alternate derivatives
ofmacrohaplogroup N, such as A, Y, and S, and haplogroup R, such as B, F, and P, that
diverged along the northern route after leaving the African continent but prior to entering
West Eurasia, are related to East Eurasian, South Pacific, and American lineages
(Kivisilid et al., 2002; Kong et al., 2006; Palanichamy et al., 2004; Schurr & Wallace,
2002; Tamm et al., 2007; Yao, Kong, Bandelt, Kivisilid, & Zhang, 2002). The southern
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Figure 3. Map of world migrations. The map shows the migration patterns of the main
mtDNA haplogroups. [http://www.mitomap.org/MITOMAP].
route out of Africa through India and onward to the South Pacific regions and Australia is
defined by lineages that branched off of macrohaplogroup M. The peopling of regions
within Central Asia and the Americas resulted from derivatives of the macrohaplogroup
M, such as M1-M40, C, D, G, and Z, while migrations into Australia along the southern
route are characterized by haplogroup Q and M42 (Chandrasekar et al., 2009; Forster,
Torroni, Renfrew, & Rohl, 2001 ; Tanaka et al., 2004).
India
India is a culturally, geographically, and linguistically diverse region. In the 2011
census, India's population numbered 1.2 billion people (http://www.censusindia.net).
The population is geographically divided, based on linguistic and religious affiliation.
Linguistically, Indians are grouped into four major language families : Indo-European,
Dravidian, Austroasiatic, and Tibeto-Burman (Tamang & Thangaraj, 2012). IndoEuropean speakers constitute the majority of the Indian population and are found among
northern, central, western regions of the subcontinent. Dravidian languages are mostly
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associated with populations confined to southern regions. Tibeto-Burman language
speakers reside along northeastern regions bordering the Himalayas, while Austroasiatic
speakers are dispersed among central and eastern regions of India (Singh, 1997; Tamang
& Thangaraj, 2012). Within each language family, the population is highly stratified into

varying hierarchical organizational levels known as castes, tribals, and religious groups.
The distinct cultural practices related to the various structural levels of social

:...

organization are helpful in understanding genetic variation among the Indian populations
and their ancestry.
Based on Y-chromosomal and mtDNA evidence, some attempts at characterizing
the diverse population structure of India have focused on making correlations between
the origins of the caste system in India and the Indo-Aryan expansion. These studies
argue that the caste system evolved as a direct result of repeated migrations of IndoAryan populations into regions of northern India that effectively pushed indigenous
Dravidian language populations to the southern regions of the subcontinent, and suggest
that Indo-Aryan populations thereafter established themselves as the upper caste
(Bamshad et al., 1998; Bamshad et al., 2001 ). The central line of evidence used to
support these claims relies on genetic evidence that shows that caste populations,
particularly upper caste populations, have closer relations with European and Central
Asian lineages, and significantly differ from tribal populations. This initial theory was
proposed under the assumption that the Indo-Aryan expansion had profound effects on
the genetic structure of India.
Alternate theories based on more recent genetic evidence suggest that the caste
system in India developed in situ. Prior to the Indo-Aryan expansion, tribal populations
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may have diverged and migrated, giving birth to various subtribes overtime (Tamang &
Thangaraj , 2012). It is possible that some of these subtribes established caste distinctions
through the acquisition of superior knowledge of resources and specialized mastery of
technologies. In turn, increasing specialization in different occupations may have
allowed some lower castes to climb into the upper social castes, thus establishing various
levels within the caste system (Tamang & Thangaraj, 2012; Thanseem et al., 2006).
Thus, an individual's profession became a sign of the caste to which he or she belonged.
As later migrations into the region progressed, such as the Indo-European expansion, the
immigrants were absorbed into different stratifications of the caste system (Tamang &
Thangaraj, 2012). This theory relies on tracing the highly diverse set of genetic lineages
of the first settlers of the Indian subcontinent to cross-regional present-day caste
populations, thus showing no evidence for a large-scale replacement of populations in
India (Indo-Aryan expansion theory). It is noteworthy that gene flow from west Eurasia
has been detected in many studies (Palanichamy et al. , 2004; Reich, Thangaraj, Patterson,
Price, & Singh, 2009; Tamang & Thangaraj, 2012); however, while a small percentage of
the gene flow can be attributed to the Aryan invasion (Kivisilid et al., 1999; Palanichamy
et al., 2004), the entry period for the majority of west Eurasian rooted lineages in India
predates the Indo-Aryan invasion by 40,000 to 20,000 ybp suggesting that much of the
west Eurasian influence in India was not a direct result of the more recent Indo-Aryan
invasion.
Phylogeny of India
The current population residing in India is the result of a series of complex
interactions stemming from ancestral lineages originating in India, and more recent
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lineage based ancestries stemming from West Eurasia and East Eurasia. Approximately
60%-70% of present-day maternal lineages across caste and tribal populations in India
descend from macrohaplogroup M (Chandrasekar et al. , 2009; Kivisilid et al., 2002).
Lineages that diverged from macrohaplogroup M, such as haplogroups C, D, and G, are
relatively sparse within Indian populations, but are found in higher percentages in Central
Asian and East Asia populations (Kivisilid et al., 2002; Kong et al., 2011 ; Palanichamy et
al. , 2004). Thus far, India-specific macrohaplogroup M lineages include: M2, M3 , M4,
M5, M6, M18, M25, M30, M33-M41 , M43, M45, M48-M50, and M53-M64. There are
also other lineages rooted in macrohaplogroup M that cannot yet be refined into a distinct
M haplogroup, and are notated as M* (Chandrasekar et al., 2009). Two particular M
haplogroups occur at high frequencies within specific regions of India: M2 and M6.
Haplogroup M2 is believed to be an ancient lineage in India, due to the high frequency of
this haplogroup among tribal populations residing in south India, which makes it more
frequent within Dravidian language populations (Chandrasekar et al., 2009). However,
M2 is also found among caste populations at intermediate frequencies in various northern
and southern regions. Haplogroup M6 is found most frequently in the northwest regions
of the Indus valley; however, the subhaplogroups of M6- M6a and M6b are primarily
restricted to the southwest and northeast regions, suggesting that they are also related to
Dravidian and Tibeto-Burman speaking populations (Metspalu et al., 2004).
Haplogroup R (daughter haplogroup toN) and its derivatives account for the
second most frequent autochthonous lineages in India. India-specific variants U2a and
U2b are spread throughout the subcontinent, and coalesce with western Eurasian U2
lineages 53,000 ± 4,000 ybp (Kivisilid et al., 1999). Haplogroup U7 is also found
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throughout India, and coalesces with west Eurasian lineages 32,000 ± 5,500 ybp;
however, U7 is found in neighboring regions, such as Iran, Siberia, and some west
Eurasian populations, which suggests that U7 probably did not originate in the India
(Derbeneva et al., 2002; Richards et al., 2000). Haplogroup U has been reported as the
second most frequent haplogroup in both India and Europe; however, the spread of U
subhaplogroups in India and Europe vastly differs, as evidenced by the absence of U2a
and U2b in Europe, and the absence ofU5 in India (Kivisilid et al., 1999). These
findings conclude that many ancestral lineages, such as U2 and U7 in India, can be traced
to deep west Eurasian maternal ancestors in the mid-late Pleistocene. Several ancestral
lineages branching directly from the R haplogroup have also been characterized
(Palanichamy et al. , 2004). Subhaplogroups R5, R6, R7, R8, R30, and R3 1 are only
associated with Indian populations and are believed to have coalesced with west Eurasian
R haplogroups approximately 64,200 ± 6,300 ybp (Palanichamy et al. , 2004). The
restricted presence of these R haplogroups in India, like subhaplogroup U2a and U2b,
suggests that Indian populations share very ancient west Eurasian lineages that entered
India soon after the African exodus, and probably admixed with local populations in
India that arrived along the southern route (Kivisilid et al. , 1999; Palanichamy et al. ,
2004).
Components ofmacrohaplogroup N/non-R account for less frequent indigenous
lineages in India. Within macrohaplogroup N/non-R lineages, the most frequent lineage
is in haplogroup W (Kivisilid et al. , 1999). Lineages belonging to haplogroup W are
primarily restricted to the North; however, W lineages have been documented at low
frequencies in the southern regions as well (Metspalu et al., 2004). TheW lineage
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appears to be the result of a much more recent gene flow between west Eurasia and India,
probably resulting from the Indo-Aryan expansion, or occurring shortly prior to the Indoexpansion (Kivisilid et al., 2002). Haplogroup N5 descends directly from
macrohaplogroup N/non-R, and has recently been determined to be indigenous to Indian
populations; however, the frequency distribution ofN5 has not been studied yet
(Palanichamy et al., 2004).
There are also appearances of many west Eurasian haplogroups that are not
indigenous to India, and are believed to be related to the recent Aryan invasion and the
spread of agriculture. Haplogroups H, HV, K, J, I, and X represent a large number of the
lineages in the west Eurasian gene pool that are represented by overall low frequencies in
Indian populations. These lineages appear to be the result of more recent migrations out
of Europe, with an entry date bounded by 11,500 ybp (Kivisilid et al. , 1999). Entry times
are likely to have occurred much more recently, in accordance with times of the Aryan
invasion, since the original dates were based only on control region sequences that
typically yield overestimated coalescence times (Kivisilid et al., 1999; Palanichamy et al. ,
2004).
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CHAPTER III
MATERIALS AND METHODS
Samples
Approval from the Institutional Review Board Human Subjects Protection
Review Committee was obtained for using the human samples in this research. For this
study, sixty human blood samples from individuals residing in Chennai, Tamil Nadu,
India were available from within the laboratory. Figure 4 shows the location of sample
collection in the state of Tamil Nadu, India. No additional samples collected from
outside those already available in the laboratory were used in this study. All samples
were stored frozen until needed. Genomic DNA was previously extracted using the
phenol-chloroform organic extraction method. Extracted genomic DNA was quantitated
using the ABI Quantifiler Kit on an ABI 7500 Real-Time PCR instrument (Applied
Biosystems, Foster City, CA).

China
Pakistan

Chennai, Tamil Nadu

Figure 4. Map of India and neighboring countries. Map shows location where samples
in this study were obtained.
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mtDNA Region and Primer Selection
Hypervariable regions I, II, and III within the control region of the mtDNA
genome were selected to generate mtDNA haplotype profiles from associated sequence
polymorphisms. These non-coding regions contain the largest degree of variability
within the mtDNA genome, and are thus considered the primary targets in forensic DNA
typing. The complete nucleotide sequence for each hypervariable region was obtained
from the revised Cambridge Reference Sequence under the NCBI GenBank database
ascension number: NC_ 012920. Two PCR primers, designed to amplify a - 1.2 kbp
region containing all three hypervariable regions, were selected from primer sequences
previously reported (Irwin et al. , 2007). The forward primer is positioned 33 bases
upstream from the beginning of hypervariable region I in the 5' flanking region, and the
reverse primer 5 bases downstream from the end of the hypervariable III in the 3'
flanking region. Both primer sequences were searched using the BLAST (Basic Local
Alignment Search Tool) function in the NCBI GenBank database to determine that the
sequences were specific to the mitochondrial chromosome, with no significant matches
from any nuclear chromosomes.
Both PCR primers were also used to sequence the 1.2 kb fragment. Two
additional internal primers were designed in-house or from sequences used in a previous
report (Irwin et al. , 2007) to sequence the 1.2 kbp fragment by segments of 400-500 bps
each. Figure 5 displays the sequence of mtDNA hypervariable regions I, II, and III and
their flanking regions. The red highlighted portions indicate the primers used for
amplifying and sequencing the hypervariable regions. The bold and underlined regions
denote the beginning and end of each hypervariable region and the specific base locus in
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the sequence. The primers used for amplifying and sequencing the 1.2 kbp region of
interest are F15971- 5' TTAACTCCACCATTAGCACC 3' and R599 - 5' TTGAGGAG
GTAAGCTACATA3'. The additional internal primers used for sequencing the 1.2 kbp
region ofinterest are F34- 5' GGGAGCTCTCCATGCATTTG GTA 3' and Rl6485 - 5'
CACTTTAGCTACCCCCAA 3'.
15960-4AGAAAAAGTCTTTAACTCCACCATTAGCACCCAAAGCTAAGATTCTA
ATTTAAACTATTCTCTG(START HVI--4)TTCTTTCATGGGGAAGCAGATTTGG
GTACCACCCAAGTATTGACTCACCCATCAACAACCGCTATGTATTTCGTACAT
TACTGCCAGCCACCATGAATATTGTACGGTACCATAAATACTTGACCACCTGT
AGTACATAAAAACCCAATCCACATCAAAACCCCCTCCCCATGCTTACAAGCA
AGTACAGCAATCAACCCTCAACTATCACACATCAACTGCAACTCCAAAGCCA
CCCCTCACCCACTAGGATACCAACAAACCTACCCACCCTTAACAGTACATAG
TACATAAAGCCATTTACCGTACATAGCACATTACAGTCAAATCCCTTCTCGTC
CC(+-End HVI)CATGGATGACCCCCCTCAGATAGGGGTCCCTTGACCACCAT
CCTCCGTGAAATCAATATCCCGCACAAGAGTGCTACTCTCCTCGCTCCGGGCC
CATAACACTTGGGGGTAGCTAAAGTGAACTGTATCCGACATCTGGTTCCTACT
TCAGGGTCATAAAGCCTAAATAGCCCACACGTTCCCCTTAAATAAGACATCA
CGATG( +---16569) (1--4)GATCACAGGTCTATCACCCTATTAACCACTCACGGGA
GCTCTCCATGCATTTGGTATTTTCGTCTGGGGGGT(Start HVII--4) ATGCACG
CGATAGCATTGCGAGACGCTGGAGCCGGAGCACCCTATGTCGCAGTATCTGT
CTTTGATTCCTGCCTCATCCTATTATTTATCGCACCTACGTTCAATATTACAGG
CGAACATACTTACTAAAGTGTGTTAATTAATTAATGCTTGTAGGACATAATAA
TAACAATTGAATGTCTGCACAGCCACTTTCCACACAGACATCATAACAAAAA
ATTTCCACCAAACCCCCCCTCCCCCGCTTCTGGCCACAGCACTTAAACAC(+--E
nd HVII)ATCTCTGCCAAACCCCAAAAACAAAGAACCCTAACACCAGCCTAA
CCAGATTTCAAATTTTATCTTTTGGCGGTATGCACTTTTAACAGTCACCCCCC{
Start HVIII--4 )AACTAACACATTATTTTCCCCTCCCACTCCCATACTACTAATC
TCATCAATACAACCCCCGCCCATCCTACCCAGCACACACACACCGCTGCTAA
CCCCATACCCCGAACCAACCAAACCCCAAAGACACCCCCCA(+--EndHVIII)CA
GTTTATGTAGCTTACCTCCTCAAAGCAATACA+---608
Figure 5. Sequence ofrCRS hypervariable segments I, II, and III and the 5' and 3'
flanking regions (GenBank Ascension# NC_012920).
mtDNA Hypervariable Region Amplification and Sequencing
The 1.2 kbp region containing all three hypervariable regions was amplified using
two primers: Fl5971 and R599. Genomic DNA from sixty individuals in the Tamil Nadu
sample was amplified using 1 ng template gDNA, 0.6 U AmpliTaq Gold® (Applied
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Biosystems, Foster City, CA), 1.5 111 of 1OX PCR reaction buffer (Applied Biosystems,
Foster City, CA), 0.3 111 each of forward and reverse primers (30 11M), 0.3 111 of
GeneAmp dNTP mix (10 mM) (Applied Biosystems, Foster City, CA), 1.0111 ofMgCl2
(25mM) (Applied Biosystems, Foster City, CA), and 0.3 111 of 8 mg/ml Bovine Serum
Albumin (BSA) in a final reaction volume of 15 111 using an ABI GeneAmp 9700 PCR
System (Applied Biosystems, Foster City, CA). Negative controls were included as a
quality control measure during the amplification process. The cycling conditions are as
follows (Table 1).
Table 1
Thermal Cycling Conditions for mtDNA Amplification
Initial
Incubation
Step

Denaturation

HOLD

Annealing

Extension

Cycles (32 cycles)

Final
Extension

Final
Soak

HOLD

HOLD

96°C

94°C

56°C

72°C

72°C

4°C

10 min

15 sec.

30 sec.

1 min

7miy

a.

The amplicons were checked in a 1.5% agarose gel for the amplification
efficiency. Samples with weak amplification were amplified using the first amplicon as
the template in a nested PCR reaction. Any remaining PCR primers and dNTPs were
removed from the amplicons using the ExoSAP-IT purification kit according to the
manufacturer's recommendations (USB Corporation, Cleveland, OH).
Hypervariable regions were sequenced using the F15971, R599, F34, and R16485
primers and BigDye Terminator v3.1 Cycle Sequencing Kit according to the
manufacturer's recommendations (Applied Biosystems, Foster City, CA). The forward
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and reverse mtDNA strands of each hypervariable region were sequenced resulting in
double sequence coverage of an open reading frame from position 16024 to 576
according to EMPOP recommendations (Budowle et al. , 2003; Butler, 2005; Irwin et al. ,
2007). Sequence cycling was conducted on an ABI GenAmp 9700 PCR System (Applied
Biosytems, Foster City, CA). Thermal cycling conditions for the sequencing reaction are
listed in Table 2. Sequencing reactions were purified to remove excess primers and dyeterminator dNTPs using the ethanol-EDTA precipitation method prior to sequencing
analysis, using the ABI Prism 310 Genetic Analyzer according to the manufacturer's
recommendations (Applied Biosystems, Foster City, CA). Positive and negative controls
were also included as a quality control measure during the sequencing process.
Table 2
Thermal Cycling Conditions for mtDNA Sequencing Reaction
Initial
Incubation Step

Denaturation

Annealing

Extension

HOLD
96°C

96°C

Cycles (32 cycles)
50°C

60°C

4°C

1 min

10 sec.

5 sec.

4 min

a

Final Soak
HOLD

Haplotype and Haplogroup Assignment
To determine the haplotype of each sample, raw sequencing data were analyzed
using the ABI Sequencing Analysis Software Version 5.2 (Applied Biosystems, Foster
City, CA). Complete hypervariable region I, II, and III sequence data, between position
16024 and 576, for sixty samples, were aligned against the revised Cambridge Reference
Sequence (Ascension # : NC_012920) using ClustalW-Multiple Sequence Alignment
tool (http://www.ebi.ac.uk/ Tools/msa/clustalw2). Haplotypes were determined using
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both mtDNAmanager, a web based tool for mitochondrial DNA control region analysis
(http://mtmanager.yonsei.ac.kr/), the Arlequin software package ver. 3.5.1.3
(http://cmpg.unibe.ch/software/arlequin35/), and were confirmed upon manual
inspection. DNA sequences were evaluated and compared according to EMPOP
guidelines (Budowle et al., 2003; Butler, 2005; Irwin et al. , 2007). When a sequence
difference was observed in relation to the rCRS, the nucleotide position on the heavy
strand was cited, followed by the base present at that site. Insertions in a DNA sequence
relative to the rCRS were labeled by noting the site immediately 5' to the insertion,
followed by a period and a ' 1' (for the first insertion), a '2 ' (if there is a second
insertion), and so on, and then by the nucleotide that is inserted (for example, 315.1 C).
Deletions were labeled by a dash(' -' ) or ' d' following the nucleotide position where the
deletion was observed relative to the rCRS (Budowle et al. , 2003; Butler, 2005; Irwin et
al. , 2007).
Individual haplotypes were assigned to haplogroups using the mtDNAmanager
web based analysis tool (http://mtmanager.yonsei.ac.kr/), and were confirmed upon
manual inspection according to the mitochondrial phylogenetic tree (http://www.phylo
tree.org/tree/main.htm), Build 15. Haplogroup frequencies were also generated by
mtDNAmanager software (http://mtmanager. yonsei.ac.kr/) and confirmed manually.
Post Sequencing Data Inspection
The degree of observed errors during laboratory processing and post-laboratory
nomenclature interpretations remains unacceptably large in mtDNA analysis. As a result,
the EMPOP database has implemented new guidelines and features to assist analysts with
screening a large data-set for possible sequence errors (Parson & Dur, 2006). A post
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sequencing data quality control was completed using the NETWORK Quasi-Median
software provided on the EMPOP website (http://empop.org/, 81h release). The
NETWORK software tool allows mtDNA haplotypes to be represented graphically such
that data idiosyncrasies and potential artifacts which are caused b}' sequencing or
interpretation problems can be identified (Parson & Dur, 2006). A quasi-median network
using the EMPOPspeedyWE filter was performed separately for hypervariable regions I,
II, and III for the sixty sample dataset. Heteroplasmic length variants surrounding
positions 309, 315, 573, 16191 , and 16193 were ignored during posterior sequence
analysis.
Population Genetic Analysis
In order to elucidate the genetic structure and population genetic history of Tamil
Nadu, the Tamil samples were compared to both neighboring state tribal populations in
India and global populations. Sequence data from all comparison population samples
was gathered from recent literature (See Table 8 for a list of comparison populations used
for this study). All sequences were aligned using ClustalW (http://www.ebi.ac.uk/
Tools/msa/clustalw2), and trimmed to an open reading frame between positions 16024
and 576 (heteroplasmic length variants surrounding positions 309, 315, 573, 16191 , and
16193 were disregarded). The complete dataset was input into GENALEX 6.5
(http://biology.anu.edu.au/GenAIEx/Welcome.html) for downstream data manipulation
and distribution to additional genetic analysis tools. A single analysis was conducted
consisting of 3,822 samples from this study and 30 global populations.
Several intra- and inter-population comparisons were tested: random match
probability, genetic diversity, nucleotide diversity, the mean number of pairwise
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differences within and between populations, and analysis of molecular variance
(AMOVA) were calculated using the Arlequin software package, ver. 3.5.1.3
(calculations ignored length variants surrounding positions 309, 315, 573, 16191 , and
16193). Statistical calculations were performed in Arlequin follows:
•

Random match probability is defined as the probability that two randomly chosen
haplotypes are the same in a population sample. Random match probability was
calculated as the sum of square haplotype frequencies as

where xis equal to the haplotype frequency.
•

Genetic diversity is defined as the probability that two randomly chosen
haplotypes are different in a population sample. Genetic diversity was calculated
according to Nei's unbiased genetic diversity (Nei, 1987) as
~- n c·.
~k
l)
H
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n -1
I
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I

where n is the sample size, k is the number of haplotypes, and Pi is the frequency
of the i-th haplotype.
•

Nucleotide diversity, or average gene diversity over L loci, is defined as the
probability that two randomly chosen homologous DNA sites are different. It is
equivalent to the genetic diversity for the DNA level. Nucleotide diversity was
calculated according to Nei' s nucleotide diversity (Nei, 1987) as

where n is the sample size, k is the number of haplotypes, and Pi is the frequency
of the i-th haplotype,p1 is the frequency of the j-th haplotype, and Lis the number
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of loci, and du is an estimate of the number of mutations having occurred since the
divergence of haplotypes i and j .
•

The average number of pairwise differences within a population is defined as the
number of nucleotide differences between all pairs of haplotypes within the
sample. It is calculated according to Tajima's mean number of pairwise
differences (Tajima, 1993) as
,..... -

n
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~k
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where du is an estimate of the number of mutations having occurred since the
divergence of haplotypes i and j, k is the number of haplotypes, p; is the frequency
of haplotype I, and n is the sample size.
•

The average number of pairwise differences between populations is defined as the
number of nucleotide differences between all unique haplotypes within two
populations. This statistical test is one method for estimating the genetic distance
between two or more populations. In essence, the larger the number of pairwise
differences between two populations, the more genetically distant those
populations are from each other, whereas the fewer the number of pairwise
differences between two populations, the more genetically related those
populations are to each other. This statistic is calculated according to Nei and Li
(Nei & Li, 1979) as
-~ 2 D ---1
-
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where k and k' are the number of distinct haplotypes in populations 1 and 2
respectively, Xfi is the frequency of the i-th haplotype in population 1, x 21 is the
frequency of the j -th haplotype in population 2, and f>u· is the number of
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differences between haplotype i and haplotype j. The Arlequin output for the
average number of pairwise differences between populations is in the form of a
genetic distance tri-matrix.
•

The Analysis of Molecular Variance (AMOVA) accounts for the number of
mutations between molecular haplotypes, so as to analyze the variance of gene
frequencies within and among all populations. The AMOVA was calculated
according to Excoffier (Excoffier, Smouse, & Quattro, 1992) as

Table 3
Summary ofAMOVA Equations

Source ofVariation

Degrees of
Freedom

Among

p - 1

Within

N-P
N- 1

Total

Sum of Squares (SSD)

Expected Mean
Squares

SSD(AP)
SSD(WP)
SSD(T)

where P is the total number of populations, N is the total number of gene copies,
SSD(AP) is the sum of squared deviations among populations, SSD(WP) is the

sum of squared deviations within populations, SSD(7) is the total sum of squared
deviations, o-~ is the covariance component due to differences among populations,

a1is the covariance component due to differences among haplotypes in different
populations within a group,

c4 is the total molecular variance, and n is defined by
N=

~}·~
N

N-£..P-~

In order to detect and visualize the genetic structure of the population distances of
the Tamil Nadu population in comparison to the 29 additional populations analyzed, a
Multi-Dimensional Scaling Plot (MDS) was constructed using PASW Statistics 20 (SPSS
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Inc.). A genetic distance tri-matrix, containing average population pairwise differences
between populations according to Nei and Li (1979), was used for MDS analysis. To
further detect and visualize the genetic structure of the Tamil Nadu population in
comparison to the other populations analyzed, a neighbor-joining (NJ) phylogenetic tree
was constructed using MEGA 5 (build 512019) (Tamura et al., 2011). The same genetic
distance matrix of average population pairwise differences that was used for the MDS
analysis was used for phylogenetic tree analysis.
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CHAPTER IV
RESULTS
Nucleotide Sequence Composition and Diversity
For all samples, direct sequencing ofPCR product using an automated sequencer
gave satisfactory results. Approximately 10-20 nucleotide base sequences adjacent to the
3' end of each sequencing primer were ambiguous while nucleotide base sequences
between positions 73-576 (complete HVR-11 and III) and 16024-16365 (complete HVRI) were evident upon sequencing. Sequencing both the forward and reverse mtDNA
strands resulted in double coverage of the target region. No discrepancies between the
forward and reverse nucleotide sequences were noted.
The relative overall nucleotide composition in the Tamil Nadu dataset was
calculated: 34.34% C, 22.37% T, 31.62% A, 11.68% G. Compared to the rCRS, 115
cumulative loci of differing nucleotide sequence, out of the 746 reference loci within the
hypervariable regions I, II, and III, were noted in the complete dataset (length
heteroplasmies surrounding positions 309, 315, 573, 16191, and 16193 were
disregarded). The majority of these loci were distributed randomly across HVR-I (69
loci; 60.0%), followed by HVR-11 (28loci; 24.3%), and HVR-III (18loci; 15.7%). Of
those polymorphic loci, characterizations were derived for 8 insertion/deletion sites, 108
substitution sites, of which 99 were transitions and 9 were transversions (positions 16093,
16129, and 195 were noted as both transition and transversion sites), and five point
heteroplasmic sites (positions 16176, 16261 , and 146 were noted as both transition sites
and point heteroplasmic sites). Nucleotide substitution rather than insertion/deletion is
the more prevalent type of nucleotide change, of which the transition type accounts for
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Table 4
Kinds ofNucleotide Changes Compared with Those ofrCRS in Hypervariable I, II, and
III Regions ofmtDNA
Entry of Data

Type ofNucleotide Change
Region I

Region II

Region III

16(5)
19(1 0)
79(18)
81(28)

7(3)
125(10)
58(9)
11 (5)

1(1)
13(4)
38(6)

Insertion

G-+A
A-+G
T-+C
C-+T
G-+T
G-+C
A-+T
A-+C
T-+G
T-+A
C-+G
C-+A
A

Deletion

A

1(1)

C-+M
C-+Y
T-+Y

1(1)
3(3)

Nucleotide Substitution
• Transition

• Transversion

Point Heteroplasmy

1(1)
1(1)
7(4)
1(1)
4(1)
1(1)

c
c

1(1)

3(2)
3(2)
15(1)
15(1)

1(1)

Note . Each number represents cumulative number found in 60 Tamil Nadu, Indians. Number of loci showing nucleotide change is
showed in parenthesis.

more nucleotide variation than the transversion type. Types of nucleotide changes are
analyzed in Table 4.
The majority of loci at which nucleotide changes occurred were noted in more
than one individual (58 loci within HVR I, II, and III), while the remaining 57 loci were
unique to only single individuals in the population sample. Nucleotide changes at locus
73 and 263 (HVR II) were found in over 85% ofthe individuals. The average nucleotide
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Figure 6. Frequency percentage of each nucleotide mutation that was observed in more
than one individual in hypervariable region I compared to the rCRS for 60 Tamil Nadu
Indians. Along the X-axis the locus position is preceded by the rCRS motif and followed
by the observed primary nucleotide variant and secondary variant if present.
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Figure 7. Frequency percentage of each nucleotide mutation that was observed in more
than one individual in hypervariable region II and III compared to the rCRS for 60 Tamil
Nadu Indians. Along the X-axis the locus position is preceded by the rCRS motif and
followed by the observed primary nucleotide variant and secondary variant if present.
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diversity across all observed loci was 0.014 ± 0.007. Figures 6 and 7 show the frequency
percentage of each nucleotide change that occurred in two or more individuals within all
hypervariable regions.
In comparison to the cumulative 746 rCRS loci in all three hypervariable regions,
the overall length of each region varied among individuals. Three nucleotide deletions
(16166del in HVR I; 523del and 524del in HVR III) and no insertions were observed in
one individual (total of 743 observed loci), while four insertions (total of 750 observed
loci) and no deletions were observed in another individual (524.1A, 524.2C, 524.3A,
524.4C in HVR III). The overall length of the nucleotide sequence in all remaining
individuals was noted to be identical or differ by no more than two nucleotides from the
rCRS.
Point Heteroplasmy
Four point heteroplasmic transitions and one point heteroplasmic transversion
were found in a total of five samples. Four of these loci (16055M, 16176Y, 16261 Y, and
16256Y) were noted in HVR I and one (146Y) in HVR II. Position 146Y was the most
common heteroplasmic locus observed in a dataset of29,444 global samples available in
EMPOP with 62 hits and a global frequency of2.15E-3; however, in EMPOP Southern
Asia populations alone (India and Pakistan) position 146Y was absent. Heteroplasmic
positions 16261 Y, 16256Y, and 16176Y were found 10, 7, and 3 times in EMPOP global
populations, with frequencies of3.74E-4, 2.72E-4, and 1.36E-4, respectively; both
16261 Y and 16256Y were found only once in EMPOP Southern Asia populations alone
and 16176Y was absent from those populations. The heteroplasmic transversion 16055M
was absent from all EMPOP global populations with a global population frequency of
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3.40E-5. The proportion of control region profiles revealing a heteroplasmic position
was 8.3%, in agreement with observations in blood samples from other populations (19.5%) (Irwin et al. 2009). Figure 8 displays electropherograms depicting each of the
point heteroplasmies discussed.
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Figure 8. Electropherograms depicting the location of 5 point heteroplasmies observed in
5 different individuals within the 60 Tamil Nadu samples studied: A) Position 16176Y;
B) Position 16261 Y; C) Position 16256Y; D) Position 146Y; E) Position 16055M.
Hypervariable Region Haplotypes and Diversity Indices
In the Tamil Nadu population sample of 60 individuals, a total of 57 different
haplotypes were observed of which 55 were unique. The most common mitochondrial
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control region (CR) haplotype represented the haplogroup (hg) M6a sequence motif
16223T-16231C- 16356C- 16362C-73G-263G-461T-489C-523d-524d with 3 (5.0%)
observances followed by the U2c sequence motif 16051 G-16234T-73G-146C-152C263G with 2 (3.3%) observations reflecting a slightly lower diversity within the M6 and
U2 lineages. A complete list of observed haplotypes is presented in Table 5. The
random match probability (disregarding length variants surrounding positions 16191,
16193,309,3 15, and 573) was calculated as 1.9% and the genetic diversity was 0.9977.
The number of mean pairwise differences in all hypervariable regions was 10.81 ± 4.99.
A summary of these statistics is given in Table 6.
Table 5

mtDNA Haplotypes and Haplogroup Associations in a Population of Tamil Nadu, India
Individuals
# Individuals S~ le

Haplogroup Haplotype

Identifiers
3

2

MC41,
MC52,
MC50

M6a

16223T 16231C 16356C 16362C 73G

263G

315.1C 461T

U2c

1605 1G 16234T 73G

152C

263G

309.1C 309.2C 315.1C

263G

315. 1C 489C

MC31,
MC14
MCOI
MC39
MC43
MC04
MC07
MC27
MC20
MC28
MC09

04
H2a2a
H7a2
HV14
HV14
HV14
HV14
H32
M*

MC61

M*

MC63
MC45

M*
M2al

523d

524d

16176T 263G 309. 1C 309.2C 315.1C
16304C 1631 1C 263G 309.1C 315.1C 480C
16304C 1631 1C 150T 263G 309. 1C 309.2C 315.1C 480C
16311C 263G 309.1C 315.1C 480C 482C
16304C 16311C 16327T 150T 263G 309.1C 315.1C 480C
16242T 16292T 73G
152C 263G 315.1C
16055M 16104T 16069T 16172C 16182C 16183C 16189C 16223T 73G
150T
309.1C 315.1C 462T 469T 489C
16051G 160700 16093C 16223T 16316G 73G
2400 263G 315.1C 489C
524d
16126C 16178C 16223T 16290T 73G
263G 315.1C 489C
16148T 161 89C 16223T 16270T 16274A 16319A 16352C 73G
152C 204C
315.1C 447G 489C

263G

146C

16129C 16223T 16362C 73G

523d

489C

524d

523d

263G
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Table 5 (continued).
# Individuals Sample

Haplogroup Haplotype

Identifiers
MC02
MCI5
MC II
MC35

M3
M3
M4
M4

MC29
MC34
MC64
MC42

M5
M5
M5
M6a

MC51

M6a

MC 10
MC I9
MC56
MC47
MC30
MC03
MC46
MC53
MC40
MC60
MC59
MC08

M30
M30
M30
M30c l
M35
M35a
M35a
M36a
M39bl
M42b l
M57
M64

MC36

M74

MC55

M74

MC25
MC05
MC54
MC37

N5
R2
R2
R5a2b

MC38

R6

MC49
MC I6

R6
R6a

MC57
MCI7
MC 13
MCI2

R7a
R8
R9b2
R3 1

16126C 16176Y 16223T 730
146C 204C 2630 315. 1C 482C 489C
16126C 16223T 730
204C 2630 315. 1C 482C 489C
16145A 16176T 16223T 16261Y 16311C 730
2630 315. 1C 489C 5080
16092C 16145A 16176T 16223T 16260T 16261T 163 11C 730
152C 2630 315.1C
489C
16129A 16223T 730
152C 2630 315. 1C 489C
16129A 16223T 16264T 16265C 16355T 730
2630 309.IC 309.2C 315. 1C 489C
16129A 16223T 730
199C 204C 250C 2630 309.1C 315.1C
16172C 16188T 16223T 16231C 163 11C 16362C 730
146C 152C 2630 309.1C
309.2C 315.1C 461T 489C
16189C 16223T 16231C 16356C 16362C 730
2630 309.1C 315.1C 461T 489C
523d 524d
16223T 16234T 195A 2630 309. 1C 315.1C 489C 523d 524d
16223T 730
195A 204C 2630 309.1C 309.2C 315.1C 489C 523d 524d
16223T 730
150T 195A 2630 315.1C 489C 523d 524d
16166d 16223T 730
146C 195A 204C 2630 315.1C 489C 523d 524d
16092C 16223T 730
199C 2630 315. 1C 482C 489C
16093C 16223T 16311C 730
199C 2630 315.1C 482C 489C
16093C 16223T 730
199C 2630 315. 1C 482C 489C
16095T 16193T 16223T 730
151T 152C 239C 2630 315. 1C 489C
16223T 730
1530 1830 2630 315.1C 463T 485C 489C
16093C 16223T 16256Y 730 930
1530 2340 2630 315. 1C 485C 489C
16145A 16176T 16223T 163 11C 730
152C 2630 315.1C 489C
16223T 16263C 16311C 730
152C 2630 309. 1C 309.2C 315.1C 316A 489C
548T
16129A 16223T 1631 1C 16362C 730 2150 2630 315.1C 318C 489C 523d
524d
16129A 16223T 16234T 16311C 16362C 730
146Y 2150 2630 315. 1C 318C
489C 523d 524d
160510 16092C 16111T 16223T 163 11C 730
2630 309T 309.1C 315.1C
16071T 16111T 16124C 16266T 163 11C 730
150T 152C 2630 315. 1C
162540 730
150T 152C 2630 309.1C 315.1C
16266T 16304C 163090 16325C 163350 16356C 730
152C 2630 315.1C 523d
524d
16129A 162100 16213A 16271C 16320T 16362C 730
152C 195C 228A 2630
315. 1C
16129A 162100 16213A 16320T 16362C 730
152C 195C 228A 2630 315.1C
16129A 16179T 162270 16245T 16266T 16278T 16362C 730
195C 246C 2630
309.1C 315. 1C
16260T
730
16304C
16218T

16261T 163 11C 16319A 16362C 730
195C 2630
195C 204C 2140 2630 309.1C 315. 1C
16362C 730
195C 2630 315. 1C
16292T 16362C 730 207A 2340 249d 2630

315. 1C 523d

309.1C 315. 1C

524d
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Table 5 (continued).
# Individuals Sample
Haplogroup Haplotype
Identifiers

MC58

R3 1b

MC32

Tlal'3

MCI8
MC62
MC21
MC26
MC23
MC48
MC22

T2
Ul
U2a
U2a
U6
U7a
W3'7

1605IG
153G
16126C
315.1C
16126C
16249C
16051G
1605IG
16111T
16223T
16223T
315.1C

16093C 16182C 16183C 16189C 16193.1 16193.2 16218T 16292T 73G
152C
195C 207A 228A 234G 263G 309.IC 309.2C 315.1C 524.1A 524.2C
16163G 16186T 16189C 16294T 16325C 73G
152C 195C 263G 309.IC
16294T 16296T 16325C 73G
195C 263G
16362C 73G
263G 285T
16154C 16206C 162300 163 II C 73G
199C
16093G 16154C 16206C 162300 163IIC 73G
16172C 16278T 73G
263G 309.1C 315.1C
16309G 16318T 73G
!SIT 152C 263G
16292T 73G
146C 189G 194T 195C

309.IC 309.2C 315.1C
263G
263G
524.IA
309.1C
204C

309.IC
309.1C
524.2C
315.1C
207A

315. IC
315.1C
524.3A
523d
263G

477C
524.4C
524d
309.IC

Table 6

Summary Statistics
Population Statistic

Tamil Nadu, India (n = 60)

Random Match Probability
Nr. Haplotypes
N r. Unique Haplotypes
Proportion ofHaplotypes
Proportion ofUnique Haplotypes
Polymorphic Differences
Mean Pairwise Differences
Genetic Diversity

1.90%
57
55
0.95
0.92
115
10.81 ± 4.99
0.9977

Note. Length Heteroplasmies surroutrling positions 309, 315, 573, 16191 , and 16193 were ignored for these calcuations.

Haplogroup Composition and Distribution
The 60 haplotypes from Tamil Nadu, India were assigned to 9 hypervariable
region haplogroups (D, H, HV, M, N, R, T, U, and W) using the mitochondrial
phylogeny mtDNAmanager database tool (http://mtmanager.yonsei.ac.kr/), and manually
confirmed according to the mitochondrial phylogenetic tree (http://www.phylo
tree.org/tree/main.htm), Build 15. Fifty-seven of these samples were further refined into
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3 8 distinct subhaplogroups, while 3 samples remained unassociated with a distinct
subhaplogroup. See Figure 9 for a phylogenetic representation of all haplogroups and
subhaplogroups along with the associated single nucleotide polymorphisms (SNPs) that
characterize each haplogroup and subhaplogroup. See Table 7 for haplogroup
frequencies in the Tamil Nadu sample.
Table 7
mtDNA Haplogroup Frequencies within 60 Samples from Tamil Nadu, India
Haplogroup

N

D4

H2a2a
H7a2
HVI4
H32
M*
M2al
M3
M4
M5
M6a
M30
M30cl
M35
M35a
M36a
M39bl
M42bl
M57
M64

I

4
3
I

2
2

3
5
3

2

Frequency% Haplogroup

N

Frequency%

1.67
1.67
1.67
6.67
1.67
5.00
1.67
3.33
3.33
5.00
8.33
5.00
1.67
1.67
3.33
1.67
1.67
1.67
1.67
1.67

2

3.33
1.67
3.33
1.67
3.33
1.67
1.67
1.67
1.67
1.67
1.67
1.67
1.67
1.67
3.33
3.33
1.67
1.67
1.67

M74
N5
R2
R5a2b
R6
R6a
R7a
R8
R9b2
R31
R31b
Tlal'3

2
2

T2

Ul
U2a
U2c
U6
U7a
W3'7

2
2
I

Note . Haplogroups according to Phylotree [http://www.phylotree.org/], Build 15.

The majority (51.7%) of the haplotypes were distributed in 2 haplogroups
(haplogroup M and D) of macrohaplogroup M. 50% of the haplotypes were associated
with haplogroup M, distributed among 15 subhaplogroups. One unique haplotype (1 .7%)
belonged to haplogroup D. The India-specific subhaplogroup M6a comprised the highest
frequency ofM haplotypes (16.7%). 10% ofthe M haplotypes remained unassociated
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Figure 9. Phylogenetic tree of all haplogroup lineages detected in this study. All SNPs
detected that allowed haplogroup association are indicated (disregarding length variants
surrounding positions 309,3 15, 573, 16191 , and 16193).
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with a distinct M haplogroup in the current phylogenetic tree (http://www.phylotree.org/),
Build 15 and are labeled under the haplogroup notation M*. The remaining haplotypes
(48.3%) were distributed in 2 haplogroups (haplogroup Nand W) ofthe N/non-R lineage
and 5 haplogroups (R, T HV, H, and U) of the N/R lineage. Two haplotypes (3.3%) were
distributed into the N/non-R lineage (one in subhaplogroup N5 and W3'7) while the
remaining haplotypes (45%) were distributed among 20 subhaplogroups of the N/R
lineage. Subhaplogroup HV14 comprised the highest frequency ofN/R samples (14.8%).
One unique haplotype was identical to the rCRS sequence and was grouped with the
rCRS haplogroup H2a2a. Figure 10 depicts the frequency percentage composition of
associated haplogroups in each macrohaplogroup. Figure 11 depicts a phylogenetic tree
of all haplogroups and their absolute frequencies.
Population Comparisons
To understand the genetic structure of the Tamil Nadu sample, several intra- and
inter-population comparisons were performed using HVR I, II, and III sequences with a
common range of between positions 16024 and 576. The total number of samples was
3,822, taken from 30 populations. See Table 8 for a list of comparison populations.
The intra-population gene diversity significantly varied with values ranging from
0.9989 (BFA) to 0.1818 (ECU). The Tamil Nadu population sample was characterized
by high gene diversity 0.9977 (TAM). The intra-population MPD (mean pairwise
differences) ranged from 18.15 ± 8.09 (ZMB) to 0.18 ± 0.25 (ECU). The MPD in the
Tamil Nadu sample was intermediate, with 10.81 ± 4.99 average pairwise differences.
The RMP (random match probability) ranged from 83.47% (ECU) to 0.39% (CHN). The
results of genetic diversity, MPD, and RMP of the Ecuador sample were expected due to

43

A)

Percent Composition of Macrohaplogroup M
MacrohaplogJOilp
Nlnon·R

3.33,.

Haplogroup M
50.00%

B)

Percent Composition of Macrohaplogroup N/R
Macrohaplogroup
Nlnon·R

Haplogroup R
18.33%

Haplogroup U
11.67%

Haplogropup HV
6.67%

Haplogroup H
_

5.00%

_ _ _ ___, Haplogroup T
3.33%

C)

Percent Compostion of Macrohaplogroup Ninon R

Haplogroup N
1.67%

Haplogroup W
1.67%

Figure 10. mtDNA haplogroup frequency within each macrohaplogroup: A) macrohaplogroup M ; B) macrohaplogroup N/R ; C) macrohaplogroup N/non-R. Frequencies are
rounded to two decimal places.
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H2a2a (rCRS)

H*

Tlal'3

n•
H7a2

U6

U7a

N5
N*

R31b
M2al

•

-•
2

3

~

M57

Root

M30c l

M3

0

M42bl
4

5

M39b l

M36a

M35a

Scale

Figure 11 . Schematic phylogenetic tree of all mtDNA haplogroups found in the Tamil
Nadu Sample (N = 60). The circles' sizes correspond to the haplogroup frequencies. The
size of the circles and the corresponding number of samples are represented in the scale.
Pre-haplogroups are denoted as haplogroups with an * and were not observed in this
study. Stem lengths are of no information content. The tree is rooted in the L3 African
haplogroup. Blue circles: descendants of haplogroup N ; Yellow circles: descendants of
haplogroup M; Orange circles: descendants of haplogroup R.
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Table 8
List ofPopulations used for Comparison Analysis
Population
I Tamil Nadu, India
2 Dongri Shill, India
3 Gallong. India
4 Jenu Kuruba
5 Krumr, India
6 Munda, India
7 Pall"i Bhuiya, India
8 Nepali, Nepal
9 Phillippino, Phillippines
I0 Chinese, Chiina
I I Japanese, Japan
12 Saudi Arabian, Saudi Arabia
13 Russian, Russia
14 Australian, Australia
I 5 Melanesian, Melanesia

Abbreviation
TAM
DOS
GAL
JEK
KAM
MUN
PAS
NEP
PHI
CHN
JPN
SAU
RUS
AUS
MEL

References
This Study
Chandrasekar et al 2009
Chandrasekar et al 2009
Chandrasekar et aL 2009
Chandrasekar et al. 2009
Chandrasekar et al 2009
Chandrasekar et aL 2009
Fomarino et al 2009
Gurmarsdoritr et aL 20 I0
Zheng et al 20 II
Tanaka et aL 2004
Cemyet aL 2010
Derenko et al 2007
ingmln et al 2003
Merriweather et al 2005

Abbreviation
Population
SUM
16 Sumatran, SlDmtra
17 Ecuadorian, Ecuador
ECU
YEN
18 Venemelan, Veneruela
ARG
19 Argentinian, Argentina
NAM
20 North American Indian, USA
HIS
21 Hispanic, USA
22 Spainish, Spain
SPA
CAU
23 Caucasian, USA
NED
24 Netherlandic, Netherlands
25 Finnish, Finnland
FIN
TAN
26 Tanzanian, Tanzania
27 Tunisian, Tlllisia
TUN
28 Burkina Faso, Burkina Faso
BFA
ZMB
29 Z1mbian, Zambia
EGY
30 Egyptian, Egypt

References
Gundarsdotitr et al 20 II
Cardoso et al 2012
Gomezet al 2012
Bodner et al 2012
Fagundes et al 2008
Kwmr et al 2011
Behar et al 20 12
Coble et al 2004
Howell et al 2003
Finnila et al 2001
Gonder et al 2006
Costa et al 2009
Barberi et al 20 12a
Barberi et al 20 12b
Kujanova et al 2009

the small sample size with a limited number of unique haplotypes. The Tamil Nadu
RMP was found to be low: 1.90% (TAM). See Table 9 for a summary ofthe statistics for
all population included in the population comparison analysis.
Inter-population MPD ranged from 22.9 14 (ZMB-ECU) to 5.453 (SPA-CAU).
Corrected inter-population MPD ranged from 14.37 (SPA-ECU) to 0.21 (TAM- NEP).
See Table 10 for the MPD values and Table 11 for the MPD p-values. The low and
similar values indicate similar genetic structures of the populations. Based on the
corrected inter-population MPD, the Tamil Nadu population showed higher genetic
similarity to the Nepal population than to any other pair of populations observed in the
study; however, among all populations (including TAM and NEP), the corrected MPD
population comparison p-values were statistically significant at the 0.05 level, suggesting
that all populations are statistically different from one another.
In order to visualize the results of the inter-population genetic comparison, the
data was plotted using Multidimensional Scaling (MDS) to display the relatedness of the
populations studied. The MDS plot was constructed from a distance based matrix of the
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Table 9
Diversity Measures of the Tamil Nadu Population Sample and 29 other Global
Populations
TAM
60
This study
57
0.9977
10.81 ± 4.99
RMP
1.90%
Po(!ulation Statistl: PAB
Number of Samples 32
Reference
Chandrasekaret al. 2009
N r. Haplotypes
20
Gene Diversity
0.9597
MPD
10.33 ± 4.84
RMP
7.03%
Po[!ulation Statistic RUS
Number of Samples 144
Reference
Derenko et al 2007
N r. Haplotypes
109
Gene Diversity
0.9945
MPD
7.50 ± 3.52
RMP
1.24%
Po(!ulation Statistic
Number ofSartl>les
Reference
N r. Haplotypes
Gene Diversity
MPD

Po(!ulation Statistl:
Number of Samples
Reference
Nr. Haplotypes
Gene Diversity
MPD

RMP
Po(!ulation Statistic
Number ofSamples
Reference
N r. Haplotypes
Gene Diversity
MPD

RMP

OOB
43

GAL
39

JEK
79

KAM
53

MUN
30

Olandrasekar et al. 2009 Olandrasekar et al. 2009 Chandrasekar et al. 2009 Chandrasekar et al. 2009 Olandrasekar et al. 2009

24
0.9546
6.39 ± 3.09
6.76%

25
0.9555
8.39 ± 3.97
6.90%

NEP
PHI
35
109
Fomarino et at 2009 O..nnarsdotitiret al. 2010
35
58
1.00
0.9745
10.40 ± 4.86
12.26 ± 5.58
2.86%
3.44%

21
0.8819
8.44 ± 3.95
12.93%
CHN
367
Zheng et al. 20 I I
3 14
0.9988
11.33 ± 5.15
0.39%

14
0.8955
9.48 ± 4.42
12.14%
JPN
670
Tanaka et al 2004
4 13
0.9943
10.94 ± 4.98
0.71%

24
0.9839
11.18 ± 5.22
4.89%
SAU
89
Cemyetal 2010
67
0.9913
5.63 ± 2.73
1.98%

AUS
61
Ingman et al 2003
59
0.9989
15.05 ± 6.82
1.75%

Ma

ARG
48
Bodner et al 20 12
36
0.984
6.75 ± 3.24
3.65%

VEN
ECU
II
17
Merriweather et al. 2005 O..ndarsdotitr et al. 2011 Cardoso et al 2012 Gomez et at 2012
46
10
2
6
0.9451
0.9754
0.18 18
14.29 ±6.74
14.76 ± 7.03
12.24 ± 5.59
0.18 ± 0.25
0.8 162
12.24%
3.82%
83.47%
23. 18%
HIS
SPA
NAM
CAU
NED
72
215
420
24 1
65
Fagundes et al 2008 K urnar et al 20 II
Behar et al 20 12
Coble et al 2004
Howell et al 2003
61
171
163
51
51
0.957
0.9949
0.996
0.9572
0.9889
13.73 ± 6. 19
14.35 ± 6.50
3. 10 ± 1.61
6.48 ± 3.07
8.38 ± 3.93
1.89%
0.86%
4.53%
4.68%
2.63%

FIN
192
Finnila et al 2001
103
0.9789
10.94 ± 5.00
2.62%

TAN
62
Gonder et al 2006
56
0.9968
18.53:1: 8.33
1.93%

TUN

14

43
Costa et al 2009
38
0.9934
11.76 ± 5.43
2.97%

SUM
72

BFA
ZMB
169
335
Barberi et al 20 12a Barberi et al 20 12b
298
114
0.9989
0.9902
12.50 ± 5.65
18. 15 ± 8.09
0 .41 %
1.57%

EGY
35
K ujanova et al 2009
19
0.9613
13.45 ± 6.19
6.6 1%

corrected average pairwise differences between populations. The higher the average
pairwise differences between populations, the more distant they are displayed in relation
to each other in the MDS plot. The Ecuador population was excluded from MDS
analysis because it was an outlier, reducing the overall resolution of the remaining
populations in the plot. See Figure 12 for MDS plot. In this MDS correspondence
analysis, four clusters of populations were apparent. In the first cluster, the Tamil Nadu
population seemed to be positioned closest to several of the Asian and Oceanic
populations such as China, Japan, Nepal, Australia and Sumatra. A second cluster of
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Table 11

Corrected Average Population Pairwise Difference p values
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Figure 12. Multi-Dimensional Scaling Analysis of genetic distances between 30 global
population samples. The outlying Ecuador population sample was removed from the
MDS plot.
Indian tribal populations (DOB , KAM, MUN, GAL, JEK and PAB) appeared moderately
distant from the first cluster. The third cluster containing European populations (CAU,
SPA, NED) and fourth cluster containing African populations (TAN, ZMB, and BFA)
were localized further away from the first cluster.
As an additional technique for visualizing the genetic distance results from the
inter-population comparison, a linearized Neighbor-Joining (NJ) phylogenetic tree was
constructed using MEGA 5 (build 5120 19) (Tamura et al. 201 1). See Figure 13 for NJ
phylogenetic tree. The same genetic distance matrix containing average number of
pairwise differences between populations used for MDS analysis was used for the NJ
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Figure 13. Phylogenetic linearized Neighborhood Joining (NJ) Tree of 30 global
populations.
phylogenetic tree. The phylogenetic tree shows three distinct major branches, two of
which correspond to the African and European populations, and the third of which
comprises Asian, Oceanic, and New World populations. The layout of the third branch is
consistent with the theory that pre-historical Asian populations migrated out of Asia into
regions of the south pacific and the America' s over an ancient land bridge that existed
around the time of the last ice age. This observation best explains why such
geographically distant populations show such striking phylogenetic similarity. The Tamil
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Nadu population is grouped within the same sub-branch as many neighboring and
regional populations. This observation suggests that at one point in the distant past there
may have been a degree of maternal gene flow and admixture among those areas.
The Tamil Nadu population shared haplotypes with two Indian populations:
Dongri Bhill (DOB) and Munda (MUN). One sample (1.67%) in the Tamil Nadu
sample, associated with the M35a subhaplogroup, shared a haplotype with one sample
(3.3%) in the Dongri Bhill population. Three samples (5.00%), associated with
haplogroup M6a in the Tamil Nadu population, shared a single haplotype with two
samples (6.67%) in the Munda population. The M6a haplotype, shared between the
Tamil Nadu and Munda populations, was the most frequent haplotype in the Tamil Nadu
population sample. No other Tamil Nadu haplotypes were shared amongst the 3,762
comparison samples present in 29 different populations. This observation supports the
conclusion made by Sun (Sun et al., 2006) that M6 and M35 are India specific
subhaplogroups.
Observed haplotypes in this study were also searched among global populations
available in the EMPOP and mtDNAmanager databases to further refine the structure and
distribution of the Tamil Nadu population. Sample MC 39 associated with the rCRS
haplogroup H2a2a was found 9 and 3 times among the global populations in EMPOP and
mtDNAmanager databases, respectively. The remaining haplotypes observed in this
study were absent from the EMPOP and mtDNAmanager databases.
All of the populations used for comparison in this study varied significantly in
terms of their genetic structure. Analysis of Molecular Variance (AMOVA) was used to
test for significant variation among and within populations in this study. AMOVA
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showed that the majority ofthe genetic variation was due to the differences within
populations (80.43%). Variance among populations accounted for 19.57% of the total
genetic variation. See Table 12 for a summary ofthe AMOVA analysis.
Table 12
AMOVA Results from Comparison of 30 Populations

Source of Variation
Among Populations
Within Populations
Total
Fixation Index

d.f.

Sum of Squares

29
3792
3821
FST:

4598.573
19662.308
24260.881
0.19567

Variance
Components

Percentage
Variation

1.2614
5.18521
6.44661

19.57
80.43

Note. In total, 3822 haplotypes from 30 populations for hypervariable regions 1, 11, and III were compared. Length heteroplasmies
surrounding positions 309, 315, 573, 16191 , and 16193 were disregarded.

Quasi-Median Network Analysis
The 60 Tamil Nadu control region sequences were analyzed for post sequencing
data ambiguities through EMPOP's NETWORK analysis tool. This recommended
quality control measure resulted in simple quasi-median network torsi for both HVR I
and combined HVR II and III using the EMPOPspeedyWE filter. See Figure 14 for the
quasi-median networks. This filter removes highly recurrent mutations as presented
in Zimmermann et al. (20 11). Due to the lack of an available Asian specific filter in
EMPOP, this filter was chosen based on its specificity towards West Eurasian mtDNA
population data within the hypervariable control regions. The expected star-like torsi
were observed in both sets of networks. Although the network torso for hypervariable
regions II and III were slightly more complex than the HVR I network, both torsi
suggested that there were no sequence errors or ambiguities present in the Tamil Nadu
dataset. These network torsi may therefore serve as a means to evaluate new control
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region sequences from additional Indian populations.
B)

A)

T1

Figure 14. Quasi-median network torsi of: A) hypervariable region I (16024 - 16365)
and B) hypervariable region II (73-340) and hypervariable region III (439 -576) of60
Tamil Nadu sequences after passage through the EMPOPspeedyWE filter
[www.EMPOP.org].

54

CHAPTER V
DISCUSSION
The Indian population sample presented here is highly appropriate for genetic
purposes regarding statewide mtDNA control region variation in Tamil Nadu, India. The
population sample consists of individuals from varying social castes within the region,
and was characterized by low random match probability (1.90%), high genetic diversity
(0.9977), and a high number of unique haplotypes (55 of 57). These findings suggest that
there are large numbers of deep-rooted maternal lineages in Tamil Nadu.
Phylogeny of Haplogroup M
The majority of maternal lineages (51.77%) in this study belong to haplogroups
within macrohaplogroup M. This finding was slightly lower than the percentages found
by Chandrasekar (2009) (70%) and Kivisilid (2002) (60%); however, these findings still
support the conclusion of a ubiquitous presence of macrohaplogroup M in India.
Macrohaplogroup M is believed to have resulted from one of the first waves of
migrations out of Africa into Asia along the "southern route". The "southern route" is
believed to have started in Ethiopia and traveled along the eastern coastal regions of the
Red Sea in Saudi Arabia into the coastal regions around the Indian peninsula, and then
into Australia and the South Pacific. This claim is supported by the presence of a low
frequency (5% in Iran) of macrohaplogroup M west oflndia, which effectively
establishes the western border for the M haplogroups (Chandrasekar et al. 2009). All M
haplotypes were defined by a single nucleotide variation at position 489 at the root of the
M lineages, which could not be confused with any other West Eurasian or East Eurasian
lineage. Any nucleotide variations in addition to 489 allowed further refinement of each
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haplotype into a distinct haplogroup and subhaplogroup.
In this study, M haplotypes were dissected into 15 distinct subhaplogroups: M2a1,
M3 , M4,M5, M6a,M30, M30c1 , M35, M35a,M36a,M39bl , M42bl , M57,M64,and
M74; three samples represent currently uncharacterized lineages in the current
phylogenetic tree (http://www.phylo tree.org/tree/main.htm), Build 15, because they
could not yet be assigned to a distinct M haplogroup, and were therefore labeled as M*.
Although it is tempting to announce the discovery of a new phylogenetic branch in
haplogroup M, further coding region sequence data is needed before reaching a final
conclusion about those lineages, as recommended by (Budowle et al. , 2003; Butler, 2005;
Irwin et al. , 2007)
All of the observed distinct M haplogroups and subhaplogroups found in this
study, except for M74 and M42bl, emerge directly from the root ofmacrohaplogroup M,
and have previously been defined as specific to India (Chandrasekar et al. , 2009, Kivisilid
et al. , 2006, Kumar et al. , 2009); the conclusions drawn by these authors are further
supported by the control region sequence data in the present study. These India-specific
M haplogroups constitute 40% of the overall Tamil Nadu population sample.
Subhaplogroup M6a comprises the majority ofM haplotypes (five distinct haplotypes
accounting for 16.67% of theM haplotypes) in this study. Haplogroup M6a was also
found in three tribal populations in India (Pauri Bhuiya, Hill Kolam, and Munda)
(Chandrasekar et al., 2009), two of which were included as comparison populations (PAB
and MUN) in this study. The presence ofM6a in both caste populations in southern India
(the subjects of this study) and tribal populations in Southeast India supports the
conclusion made by Sun (2006) and Chandrasekar (2009) that M6a represents a deeply
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rooted ancient lineage primarily restricted to southern regions in India.
One of the more interesting observations resulting from this study surrounds
haplogroup M2a1 , which has been hypothesized as the first Indian haplogroup to arrive
on the Indian subcontinent. This study confirms the finding of several rare nucleotide
variations (16148, 16270, 16274, 16352, and 447) in HVR I and HVR III that further
support previous studies suggesting that haplogroup M2a1 may be one of the most
ancient subhaplogroups in India (Basu et al., 2003). A previous study consisting of caste
members from Tamil Nadu, India found the M2lineage in 10.48% ofthe samples studied
(Rani et al., 2010). The findings in this study show a moderately lower percentage of the
M2lineage (1.67%) in Tamil Nadu. In neighboring tribal populations from Betta Kuruba,
Karnataka, the M2 lineage composed 64% of the haplotypes. This observation of
haplogroup M2 in both tribal and caste populations in southern India further supports
conclusions concerning the antiquity and distribution of the lineage in southern regions of
India.
In this study, three haplogroups within the M macrohaplogroup were found to
have originated outside of the Indian subcontinent. This evidence strongly supports the
conclusion that recent gene flow and admixture occurred between two neighboring
Southeast Asian and Pacific regions. Haplogroup M74 was found to be associated with
two unique haplotypes in this study (3.3%), and was absent from any previously studied
Indian populations; however, it has been found in large frequencies within southern
Chinese populations, as well as Thai populations, suggesting its Southeast Asian origin
(Kong et al. , 2011). These M74 haplotypes were characterized by the hypervariable
region sequence motifs 16129A-16223T-1 6311 C-73G-152C-263G-309.1C-309.2C-
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315.1C-316A-489C-548T and 16129A-16223T-16234T-16311 C-16362C-73G-146Y215G-263G-315.1C-318C-489C-523d-524d. Haplogroup M42bl was associated with
one unique haplotype in this study (1.67%), and was also absent from any previously
studied Indian populations. This M42b 1 haplotype was characterized by the
hypervariable region sequence motif 16093C-16223T-16256Y-73G-93G-153G-234G263G-315.1C-485C-489C. The M42bl haplogroup has been found in Australian and
Australian Aboriginal populations, suggesting its South Pacific origin. Kumar proposes
that M42 may represent a more recent link between the first Indian populations and
Australian Aboriginal populations than the "out of Africa" model proposes (Kumar et al.,
2009). The observation ofM42bl in this study will be of great interest to those
researchers attempting to establish stronger genetic links between Indian and Australian
ancestry.
Finally, one unique haplotype was found to belong to haplogroup D4 within the
macrohaplogroup M maternal lineages in this study. This D4 haplotype was
characterized by the hypervariable region sequence motif 16129C-16223C-16362C-73G263G-315.1C-489C-523d-524d. Although haplogroup D4 has previously been found in
north Indian populations, as well as several of the tribal populations characterized by
Chandrasekar (Chandrasekar et al., 2009), the D4 lineage is primarily restricted to
Central and East Asian lineages, such as Japanese, Korean, and Chinese lines (Chaubey,
Metspalu, Kivisilid, & Villems, 2006). This finding of the present study further supports
the same conclusion drawn from the analysis ofM74, namely, that gene flow between
East Asian regions and India occurred in recent prehistory. Haplogroups M42bl , M74,
and D4 were absent from the Tamil Nadu population dataset presented by Rani (Rani et
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al., 2010).
Phylogeny of Indigenous Haplogroup N Lineages
The phylogeny of India is partly intertwined with the western Eurasian gene pool,
but contains various lineages that are completely absent in Europe. These findings were
first demonstrated by Kivisilid (Kivisilid et al., 1999) based on HVR I sequence data, and
have since been confirmed from various sources (Hill et al., 2006; Kivisilid et al. , 2002;
Palanichamy et al., 2004; Quinta-Merci et al., 2004). Furthermore, all available genetic
evidence supports the movement of distant gene flow from West Eurasian into India
(Kivisilid et al., 1999; Kivisilid et al., 2002; Palanichamy et al., 2004; Quinta-Merci et
al., 2004); ancestral populations likely exited Africa along the "northern route" and
eventually entered India from the west or the north (Palanichamy et al., 2004; QuintaMerci et al., 2004). However, there is little to no evidence supporting gene flow in the
opposite direction (Palanichamy et al., 2004), suggesting that lineages that entered India
differentiated from the root branch over time, and have since obtained an autochthonous
status in India. This link between West Eurasian and South Asian populations has been
shown to be ancient and thus does not contribute to the recent admixture between the two
regions (Chaubey et al., 2006; Palanichamy et al. , 2004).
Numerous indigenous mtDNA type Nand R lineages in India were noted in this
study. A total of 11 India-specific Nand R haplogroup derivatives (N5 , R5a2b, R6, R6a,
R7a, R8, R31 , R31b, U2a, U2c, and U6) were characterized representing a 23.33% ofthe
Tamil Nadu population sample. All R haplotypes were characterized by a single control
region mutation at position 16,223 present at the root of the R lineage. The indigenous
status of these haplogroups has previously been characterized based on complete mtDNA
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genome sequencing (Kivisilid et al., 1999; Kivisilid et al. , 2002; Palanichamy et al.,
2004); the conclusions made by these authors are further supported by the hypervariable
region sequence data in the present study. Of the indigenous N and R based lineages, R6
(21.42%), U2a (14.29%), and U2c (14.29%) were the most common haplogroups in this
study. These findings are consistent with mtDNA sequence data from another population
sample from Tamil Nadu, India that showed an overall higher frequency percentage of
indigenous U2a, U2c, and R6 lineages than other N and R lineages in the southern state
of Tamil Nadu, India (Rani et al., 201 0).
The indigenous macrohaplogroup N lineages in India suggest that there were
ancient migrations from West Eurasian regions. According to Palanichamy
(Palanichamy et al., 2004), lineages emerging directly from the R branch, such as R5-R8
and R31 (all detected in this study), have an entry point into India approximately 65,000
ybp. Indigenous haplogroup U lineages, such as U2a, U2c, and U6 (detected in this
study), represent younger entries into India than rooted R lineages with a potential
founder age of 49,000 ± 7,900 ybp according to Palanichamy (Palanichamy et al., 2004).
Interestingly, subhaplogroup U6 is found in high frequencies in North African
populations and to a lesser degree in Indian populations. The predominance of the U6
lineage in Africa is believed to be related to a back migration from India to Africa
(Oliveri et al., 2006).
The early diversification of R likely occurred following the African exodus, and
resulted in the some of the first proto-settlements of India, along with macrohaplogroup
M lineages emerging from the southern route. The only other branch within
macrohaplogroup N that might have arisen in India around that 65,000 ybp is N5;
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however, additional diversity and distribution data concerning haplogroup N5 is needed
prior to making any conclusions about the antiquity of the lineage (Palanichamy et al. ,
2004). Haplogroup N5 was found to be associated with one unique haplotype in this
study. This N5 haplotype was characterized by the hypervariable region sequence motif
16051 G-16092C-16111 T-16223T- 16311 C-73G-263G-309T-309.1 C-315.1 C. The
finding ofthe N5 lineage in the southern state of Tamil Nadu (this study) will be of
particular interest to future researchers looking to further characterize the distribution of
the lineage in India.
Haplogroups Shared by Indians and West Eurasians
Migrations that occurred much later, during the Holocene period, approximately
12,000 to 10,000 ybp, are believed to be related to the spread of agriculture and the
Aryan invasion (Kivisilid et al., 1999; Palanichamy et al., 2004). Haplogroups that are
associated with these recent migrations are easily differentiated from the indigenous
haplogroups in India, and have been widely sampled in western Eurasia datasets.
Haplogroups that are commonly observed in West Eurasia and to a lesser extent in India
include H, HV, K, U, J, T, I, W, and X. This study reports the finding of 11 haplogroups
(H2a2a, H7a2, H32, HV14, R2, R9b2, T1a1 '3, T2, Ul , U7a, and W3 ' 7), accounting for
25% of the Tamil Nadu haplotypes that share a common western Eurasian haplogroup.
These results are in agreement with Bamshad's report that 20%-30% oflndian mtDNA
haplotypes share West Eurasian haplogroups (Bamshad et al., 2001).
One unique haplotype belonged to the H2a2a haplogroup, which is characterized
as an identical control region sequence motif to the rCRS. Interestingly, the occurrence
of an H2 haplotype in India has only been documented once in the literature- in a study
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that previously evaluated lineages in Tamil Nadu, India (Rani et al. , 2010). The results of
that study (Rani et al., 201 0) show a similar composition and low frequency percentage
of shared, non-indigenous western Eurasian haplotypes as the present study.
Genetic Comparisons with 30 Global Populations
In order to gain more insight into the genetic structure of the Tamil Nadu sample,
several inter-population genetic comparisons were performed with 3,822 samples from
30 global populations (including this study) as well as several tribal populations in India
and neighboring populations in Asia (See Table 8). Using an MDS ofNei's corrected
average number of pairwise difference genetic matrix, four distinct population clusters
were apparent in the plot. The Tamil Nadu sample appeared closest to several Asian and
Oceanic populations such as China, Japan, Nepal, Australia, and Sumatra in the first
cluster, suggesting close genetic relatedness of among similar populations. The other
populations appeared more distant from the Tamil Nadu sample suggesting lesser degrees
of genetic relatedness. The second cluster containing all the Indian tribal populations was
located at an intermediate distance to the first cluster. The third and fourth clusters
containing European and African populations, respectively, were located further away.
The complex history and prehistory of India, particularly the state of Tamil Nadu,
is underscored by the results of the MDS plot of corrected average pairwise differences
matrix. The Tamil Nadu sample appeared to localize in the center of a mixed cluster of
Asian and Oceanic populations, which confirms previous findings of mixed West
Eurasian and East Asian influences in India. One of the striking results of the pairwise
comparison was how significantly the Indian caste sample in Tamil Nadu (this study)
differed from the Indian tribal populations. Furthermore, the MDS plot suggested that the
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Tamil Nadu sample had closer genetic relatedness to geographically closer Central Asian
populations than European populations, despite the well documented European influence
in the India. These findings support Basu's conclusions (Basu et al., 2003) that tribal and
the caste populations in India are highly differentiated, and that caste populations
throughout India show closer genetic affinities to Central Asian populations than any
other global population. The lowest value in the corrected average pairwise difference
matrix, indicating the highest degree of genetic relatedness of the populations studied,
occurred between the Tamil Nadu sample and the Nepal sample (0.21). The results from
the corrected average pairwise difference usingp-values indicate a statistically significant
differentiation of the Tamil Nadu sample from the 29 other global and regional
populations (p =0.003).
Phylogenetic analysis of average population pairwise differences between
populations was also performed using a linearized Neighbor-Joining (NJ) Tree. All 30
populations were segregated into three distinct branches, while closer related populations
were grouped together, and unrelated populations were grouped further away. From the
NJ tree, it is clear that four African populations (Zambia, Tanzania, Burkina Faso, Egypt)
were defined by one branch, while all European populations (Caucasian, Spain,
Netherlands, and Finland), one African population (Tunisia), and one Asian population
(Saudi Arabia) were defined by a second major branch. The third major branch consists
of mixed Asian, Oceanic, and New World populations. Four of the New World
populations (Native North American Indian, Hispanic, Ecuador, and Venezuela) and
three Oceanic populations (Australia, Philippines, and Sumatra) are rooted in the third
major branch, while the Tamil Nadu sample, all of the tribal Indian populations (Munda,
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Pauri Bhuiya, Jenu Kuruba, Dongri Bhill, Gallong, and Kamar), four Asian populations
(Japan, Russia, Nepal, and China), one Oceanic population (Melanesia), and one New
World population (Argentina) are delineated by a sub-branch within the third major
branch. These results similarly demonstrate the closer genetic relatedness of the Tamil
Nadu sample to Central Asian populations than to European, African, and most South
Pacific and New World populations.
Additionally, AMOVA among the 30 global populations indicated genetic
variation was mainly attributable to differences within populations (80.43%). Variance
among populations accounted for 19.57%. The AMOVA results were statistically
significant, with a p-value = 0.000. These results are appropriate given the large number
of geographically separated and genetically unrelated populations used for comparison in
this study.
Conclusion
India is characterized by a long and complex migration history spanning more
than 60,000 years. Extant populations have resulted from admixture between indigenous
ancestral populations and more recently migrated populations from West Eurasia and
East Eurasia; however, the extent to which these populations admixed is largely
unknown. To date, phylogenetic characterizations of South Asian populations,
particularly India, remains insufficient enough to bridge the gap between the first
protosettlements of the region and present day populations. Further genetic
characterizations of extant Indian populations are also urgently needed in the field of
forensic science in order to create more reliable haplotype and haplogroup frequency
estimates. Due to the apparent lack of reliable data for the southern state of Tamil Nadu,
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India, the task of generating reliable mtDNA haplotype data was undertaken.
The main aim of this study was to characterize the composition and genetic
diversity of maternal lineages of individuals residing in the southern state ofTamil Nadu,
India. This goal was achieved through fully sequencing all three hypervariable segments
of the control region mtDNA for 60 individuals from Tamil Nadu, India. All observed
haplotypes were affiliated with the appropriate haplogroups according to an array of basal
mutations available in Phylotree (http://www.phylotree.org/), Build 15.
It was found that the majority of lineages were nested within macrohaplogroup M,

as in prior findings (Chandrasekar et al., 2009; Kivisilid et al., 2002; Rani et al., 201 0),
while indigenous N lineages and shared West Eurasian lineages accounted for lower
proportions of the Tamil Nadu sample. Haplogroup M6a was affiliated with the highest
frequency of samples in the Tamil Nadu sample. These findings suggest that while the
caste populations in Tamil Nadu do in fact share several Western Eurasian lineages due
to strong influences from the Western Eurasian gene pool, there are many ancient deeprooted lineages within the maternal ancestry of Tamil Nadu. These findings were
confirmed following an intra-population analysis that showed high genetic diversity, low
random match probability, and a high number of unique haplotypes.
A secondary goal of this study was to further characterize the genetic structure of
the Tamil Nadu population sample in comparison to numerous regional and global
populations. Using several inter-population correspondence analyses the Tamil Nadu
sample was shown to be closer in genetic relatedness to Central Asian populations and
significantly different from regional tribal populations in India. These observations
underscore how the strong cultural effects of the caste system in India have affected the
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genetic structure of India, particularly Tamil Nadu. The Tamil Nadu sample showed the
closest genetic relatedness to the Nepal sample, as seen by the lowest MPD value 0.21 .
All the 57 observed haplotypes in the present study were searched through EMPOP
(http://empop.org/) and mtDNAmanager (http://mtmanager.yonsei.ac.kr/) databases
which generated only one match with several samples from European populations,
indicating the uniqueness of the haplotypes in this group of individuals.
The mtDNA hypervariable region sequence data presented here is highly
appropriate for statewide, countrywide, and global haplotype comparisons, forensic
human identification, and for purposes of human origin and migration studies.
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